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Charged particles vn in e-b-e analysis at ATLAS 

Large event-by-event fluctuation of vn 
 Possible probe to the initial geometry
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Figure 10. The probability density distributions of the EbyE vn in several centrality intervals for
n = 2 (left panel), n = 3 (middle panel) and n = 4 (right panel). The error bars are statistical
uncertainties, and the shaded bands are uncertainties on the vn-shape. The solid curves are distri-
butions calculated from the measured ⟨vn⟩ according to eq. (1.6). The solid curve is shown only for
0–1% centrality interval for v2, but for all centrality intervals in case of v3 and v4.

from ref. [31]. However, the uncertainties from ref. [31] for the vn-scale (table 2) and

vn-shape, are well within the total systematic uncertainties derived from the data analysis.

5 Results

Figure 10 shows the probability density distributions of the EbyE vn in several centrality

intervals obtained for charged particles with pT > 0.5GeV. The shaded bands indicate

the systematic uncertainties associated with the shape. These uncertainties are strongly

correlated in vn: the data points are allowed to change the shape of the distribution within

the band while keeping ⟨vn⟩ unchanged. The vn distributions are found to broaden from

central to peripheral collisions (especially for v2), reflecting the gradual increase of the

magnitude of vn for more peripheral collisions [15, 16]. The shape of these distributions

changes quickly with centrality for v2, while it changes more slowly for higher-order har-

monics. These distributions are compared with the probability density function obtained

from eq. (1.6) (v RP
n = 0), which represents a fluctuation-only scenario for vn. These func-

tions, indicated by the solid curves, are calculated directly from the measured ⟨vn⟩ values
via eq. (1.7) for each distribution. The fluctuation-only scenario works reasonably well for

v3 and v4 over the measured centrality range, but fails for v2 except for the most central

2% of collisions, i.e. for the centrality interval 0-2%. Hence for v2 the solid curve repre-

senting the fluctuation-only scenario is shown only for the 0-1% centrality interval (the

data for the 1-2% interval are not shown). However, there is a small systematic difference

between the data and the curve in the tails of the v3 distributions in mid-central collisions,

with a maximum difference of two standard deviations. Using eq. (1.9), this difference is

compatible with a non-zero v RP
3 similar to the findings reported in ref. [44]. Futhermore,

since the measured v4 distribution covers only a limited range (v4 ! 3δv4 ), a non-zero v RP
4

on the order of δv4 can not be excluded by this analysis based on eq. (1.9).
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Figure 1. Single-track φ (top) and track-pair ∆φ (bottom) distributions for three typical events
(from left to right) in the 0–5% centrality interval. The pair distributions are folded into the
[−0.5π, 1.5π] interval. The bars indicate the statistical uncertainties of the foreground distri-
butions, the solid curves indicate a Fourier parameterization including the first six harmon-
ics: dN/dφ = A(1 + 2

∑6
i=1 cn cosn(φ − Ψn)) for single-track distributions and dN/d∆φ =

A(1 + 2
∑6

i=1 cn cosn(∆φ)) for track-pair distributions, and the solid points indicate the event-
averaged distributions (arbitrary normalization).

distributions shown by the solid points (arbitrary normalization), are observed. These

EbyE distributions are the inputs to the EbyE vn analyses.

The azimuthal distribution of charged particles in an event is written as a Fourier

series, as in eq. (1.1):

dN

dφ
∝ 1 + 2

∞
∑

n=1

vobsn cosn(φ−Ψobs
n ) = 1 + 2

∞
∑

n=1

(

vobsn,x cosnφ+ vobsn,y sinnφ
)

, (4.1)

vobsn =
√

(

vobsn,x

)2
+
(

vobsn,y

)2
, vobsn,x=vobsn cosnΨobs

n =⟨cosnφ⟩, vobsn,y =vobsn sinnΨobs
n =⟨sinnφ⟩,

(4.2)

where the averages are over all particles in the event for the required η range. The vobsn is

the magnitude of the observed EbyE per-particle flow vector: ⇀v obs
n = (vobsn,x , v

obs
n,y ). In the

limit of very large multiplicity and in the absence of non-flow effects, it approaches the

true flow signal: vobsn → vn. The key issue in measuring the EbyE vn is to determine the

response function p(vobsn |vn), which can be used to unfold the smearing effect due to the

finite number of detected particles. Possible non-flow effects from short-range correlations,

such as resonance decays, Bose-Einstein correlations and jets, also need to be suppressed.
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Event shape engineering (ESE) 
J. Schukraft et al., arXiv:1208.4563 
Selecting vn strength by the magnitude of flow vector 
!
!
!
!
!
!
Possibly control the initial geometry 
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FIG. 4: Correlation of ϵB2 vs. ϵF2 (a), 2∆Φ∗FB
2 vs. ϵ2 (b), ϵF2

vs. qF2 (c), ϵF2 vs. qB2 (d), 2∆Φ∗FB
2 vs. 2∆ΨFB

2 (e), and ϵF2 − ϵF2
vs. 2∆Φ∗FB

2 (f) for AMPT Pb+Pb events with b = 8 fm. The
bars around the circles in panel-(b) indicates the RMS width
of 2∆Φ∗FB

2 at given ϵ2 value, and the four regions delineated
by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

ϵF2 and qF2 than that between ϵF2 and qB2 , suggesting that
the elliptic flow in the forward-rapidity is driven more
by the ellipticity of the forward-going Pb nucleus (and
vice versa). This is expected since the forward particle
production arises preferably from forward-going partici-
pating nucleons. Figure 4(e) shows that the angles be-
tween the participant planes are strongly correlated with
the raw event planes, suggesting that the twist in the
initial state geometry is converted into twist in the final
collective flow between the forward and the backward
pseudorapidity.
Identical studies are also performed for the triangular-

ity and triangular flow in Fig. 5. The features are qualita-
tively similar to those shown in Fig. 4, except that most
forward-backward correlations are significantly weaker,
as ϵ⃗F3 and ϵ⃗F3 are both dominated by random fluctuations.
In particular, the distribution of twist angle 3(Φ∗F3 −Φ∗B3 )
is much broader than that of 2(Φ∗F2 −Φ∗B2 ) in Fig. 4(b).
In fact, Φ∗F3 and Φ∗B3 are nearly out-of-phase for events
selected with small ϵ3 (the lower 30% of events). This
large twist is the dominating source of the decorrelation
of triangular flow observed in previous studies [31, 50].
Given the rich patterns of the FB eccentricity and PP-

angle fluctuations shown in Figs. 4 and 5, the plan of
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FIG. 5: Correlation of ϵB3 vs. ϵF3 (a), 3∆Φ∗FB
3 vs. ϵ3 (b), ϵF3
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3 (e), and ϵF3 − ϵF3
vs. 3∆Φ∗FB

3 (f) for AMPT Pb+Pb events with b = 8 fm. The
bars around the circles in panel-(b) indicates the RMS width
of 3∆Φ∗FB

3 at given ϵ3 value, and the four regions delineated
by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

this paper is not to perform an exhaustive study of the
collective response of all possible configurations of the
initial geometry. Instead, we focus on several representa-
tive classes of events and study how their specific initial
state configurations influence the v⃗n(η) values in the final
state. Four event classes are defined separately for ellip-
ticity and triangularity in Table I by cutting on ∆ϵ∗FBn

and n∆Φ∗FBn , they are also indicated visually in Fig. 4
(f) for n = 2 and Fig. 5(f) for n = 3. The “type1” events
have nearly identical initial shape between the two nu-
clei, i.e. (ϵFn,Φ∗Fn ) ≈ (ϵBn ,Φ∗Bn ). The “type2” events have
similar PP angles but very asymmetric eccentricity val-
ues, i.e Φ∗Fn ≈ Φ∗Bn and ϵFn > ϵBn . The “type3” events
have similar eccentricity values but large twist between
the two nuclei, i.e. ϵFn ≈ ϵ

B
n and Φ∗Fn > Φ

∗B
n . The “type4”

events have large twist angle as well as very asymmetric
eccentricity values. Each class contains at least 1.5% of
the total event statistics, so they represent some typical
events with very different initial condition.

In order to study the rapidity fluctuation of harmonic
flow, we need to calculate the Fourier coefficients for fi-
nal state particles relative to a nth-order reference plane

flow vector q2

in
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J.Jia et al., arXiv:1403.6077
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FIG. 3. (color online) Actual (true) v2 and v3 distributions
in the event samples selected by di↵erent cuts on the corre-
sponding qn-vector magnitude indicated in the plot compared
to that extracted from the BG fits to qn,b distribution shown
in Fig. 2 (dashed lines). Note that the lines are not the fit to
the histograms!

di↵er by order of magnitude from the one deduced from
q-distribution fits.

Below we discuss very briefly several analyses, which
can profit from the event shape engineering.

The chiral magnetic e↵ect proposed in [19–21] is a charge
separation along the magnetic field. A correlator sensi-
tive to the CME was proposed in Ref. [22]:

hcos(�
↵

+ �

�

� 2 
RP

)i , (9)

where subscripts ↵, � denotes the particle type. The
STAR [23, 24], as well as the ALICE [25] collaboration
measurements of this correlator are consistent with the
expectation for the CME and can be considered as evi-
dence of the local strong parity violation. The ambiguity
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FIG. 4. (color online) Elliptic flow measured with 2- (red
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to 0-5% centrality. The true (simulated) values are shown
by green markers, as expected for 2-particle cumulant results
and by magenta for 4-particle cumulant results.

in the interpretation of experimental results comes from
a possible background of (the reaction plane dependent)
correlations not related to CME. Note that a key ingre-
dient to CME is the strong magnetic field, while all the
background e↵ects originate in the elliptic flow [22]. This
can be used for a possible experimental resolution of the
question. One possibility is to study the e↵ect in central
collisions of non-spherical uranium nuclei [12], where the
relative contributions of the background (proportional to
the elliptic flow) and the CME (proportional to the mag-
netic field), should be very di↵erent in the tip-tip and
body-body type collisions. The second possibility would
be to exploit the large flow fluctuations in heavy-ion colli-
sions as discussed in [12, 26] and the ESE would be a tech-
nique to perform such an analysis. (Note also that the
magnetic field depends very weakly on the initial shape
geometry fluctuations [26].) Yet another test, proposed
in [27], is based on the idea that the CME, the charge sep-
aration along the magnetic field, should be zero if mea-
sured with respect to the 4-th harmonic event planes,
while the background e↵ects due to flow should be still
present, albeit smaller in magnitude (⇠ v4). An exam-
ple of such a correlator, would be hcos(2�

↵

+ 2�
�

� 4 4i,
where  4 is the fourth harmonic event plane. The value
of the background due to flow could be estimated by
rescaling the correlator Eq. 9. Such measurements will
require good statistics, and strong fourth harmonic flow.
Again, the ESE can be very helpful to vary the e↵ects
related to flow.

J.Schukraft et al., arXiv:1208.4563
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Event-Shape Engineering : Flow 
Strength Control 

•Event Shape Engineering(ESE) 
• |qn| : Strength of Flow 
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•Selection of e-b-e vn via 
strength of flow vector and 
possible control of initial 
geometry
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FIG. 4: Correlation of ϵB2 vs. ϵF2 (a), 2∆Φ∗FB
2 vs. ϵ2 (b), ϵF2
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2 (e), and ϵF2 − ϵF2
vs. 2∆Φ∗FB

2 (f) for AMPT Pb+Pb events with b = 8 fm. The
bars around the circles in panel-(b) indicates the RMS width
of 2∆Φ∗FB

2 at given ϵ2 value, and the four regions delineated
by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

ϵF2 and qF2 than that between ϵF2 and qB2 , suggesting that
the elliptic flow in the forward-rapidity is driven more
by the ellipticity of the forward-going Pb nucleus (and
vice versa). This is expected since the forward particle
production arises preferably from forward-going partici-
pating nucleons. Figure 4(e) shows that the angles be-
tween the participant planes are strongly correlated with
the raw event planes, suggesting that the twist in the
initial state geometry is converted into twist in the final
collective flow between the forward and the backward
pseudorapidity.
Identical studies are also performed for the triangular-

ity and triangular flow in Fig. 5. The features are qualita-
tively similar to those shown in Fig. 4, except that most
forward-backward correlations are significantly weaker,
as ϵ⃗F3 and ϵ⃗F3 are both dominated by random fluctuations.
In particular, the distribution of twist angle 3(Φ∗F3 −Φ∗B3 )
is much broader than that of 2(Φ∗F2 −Φ∗B2 ) in Fig. 4(b).
In fact, Φ∗F3 and Φ∗B3 are nearly out-of-phase for events
selected with small ϵ3 (the lower 30% of events). This
large twist is the dominating source of the decorrelation
of triangular flow observed in previous studies [31, 50].
Given the rich patterns of the FB eccentricity and PP-

angle fluctuations shown in Figs. 4 and 5, the plan of
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bars around the circles in panel-(b) indicates the RMS width
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3 at given ϵ3 value, and the four regions delineated
by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

this paper is not to perform an exhaustive study of the
collective response of all possible configurations of the
initial geometry. Instead, we focus on several representa-
tive classes of events and study how their specific initial
state configurations influence the v⃗n(η) values in the final
state. Four event classes are defined separately for ellip-
ticity and triangularity in Table I by cutting on ∆ϵ∗FBn

and n∆Φ∗FBn , they are also indicated visually in Fig. 4
(f) for n = 2 and Fig. 5(f) for n = 3. The “type1” events
have nearly identical initial shape between the two nu-
clei, i.e. (ϵFn,Φ∗Fn ) ≈ (ϵBn ,Φ∗Bn ). The “type2” events have
similar PP angles but very asymmetric eccentricity val-
ues, i.e Φ∗Fn ≈ Φ∗Bn and ϵFn > ϵBn . The “type3” events
have similar eccentricity values but large twist between
the two nuclei, i.e. ϵFn ≈ ϵ

B
n and Φ∗Fn > Φ

∗B
n . The “type4”

events have large twist angle as well as very asymmetric
eccentricity values. Each class contains at least 1.5% of
the total event statistics, so they represent some typical
events with very different initial condition.

In order to study the rapidity fluctuation of harmonic
flow, we need to calculate the Fourier coefficients for fi-
nal state particles relative to a nth-order reference plane

AMPT 

J.Jia et.al : arXiv:1403.6077

Schukraft et.al: arXiv:1208.4563



WWhhaatt  iiss  tthhee  ffiinnaall  ssppaattiiaall  ddiisstt..??

Event shape selection provides us more accurate connection between 
initial and final source eccentricity? 

Large εinit leads to large εfinal? or to less ellipticity due to large v2? 
Final source eccentricity can be probed by HBT interferometry
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Final source eccentricity can be probed by azimuthally differential 
HBT measurement
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where the !1" !# and ! terms account for the nonparti-
cipating and participating fractions of pairs, respectively,
N is a normalization parameter, and G!q;!# is the
Gaussian correlation model [23]:

G!q;!# $ e"q2oR2
o!!#"q2sR2

s !!#"q2l R
2
l !!#"qoqsR2

os!!#: (2)

R2
i are the squared HBT radii, where the l, s, and o

subscripts indicate the long (parallel to beam), side (per-
pendicular to beam and total pair momentum), and out
(perpendicular to ql and qs) decomposition of q with an
additional cross term [27]. Fitting with Eq. (1) caused Ro
to increase 10%–20% compared to Coulomb correcting
all pairs, while Rs and Rl, respectively, are consistent
within errors.

Figure 1 shows the squared HBT radii, obtained using
Eq. (1), as a function of ! for three centrality classes. All
pairs with pair transverse momentum 0:15 % kT %
0:6 GeV=c are included, and each centrality is divided
into 12 ! bins of 15& width. The data point at ! $ " is
the reflected ! $ 0 value, and solid lines indicate Fourier
expansions of the allowed oscillations [24]:

R2
#;n!kT# $

! hR2
#!kT;!# cos!n!#i !# $ o; s; l#;

hR2
#!kT;!# sin!n!#i !# $ os#: (3)

As expected [3], the 0th-order Fourier coefficient (FC)
indicates larger apparent source sizes for more central
collisions. We verified that the 0th-order FC corresponds
to the HBT radii from an azimuthally integrated analysis.

Strong 2nd-order oscillations are observed for R2
o, R2

s ,
and R2

os, and the signs of the oscillations are qualitatively
self-consistent [10,24], though the amplitude for most-
central events is small. Similar oscillations were observed

in a statistics-limited analysis of minimum-bias Au' Au
collisions at

""""""""

sNN
p $ 130 GeV [28]. These oscillations

correspond to a pion source spatially extended perpen-
dicular to the reaction plane, as discussed below. The next
terms (4th order) in the Fourier expansions [Eq. (3)] are
consistent with zero within statistical errors.

The kT dependence of the oscillations of the HBT radii
may contain important information on the initial condi-
tions and equation of state of the system [29]. Figure 2
shows the ! dependence of HBT radii for midcentral
(20%–30%) events for four kT bins. Because of the addi-
tional division of pairs in kT , only four bins in ! are used.
The 0th-order FC increases with decreasing kT , which
was observed for azimuthally integrated HBTanalyses at
""""""""

sNN
p $ 130 GeV [3] and attributed to pion emission
from an expanding source. Strong out-of-plane oscilla-
tions are observed for all transverse radii in each kT bin.

The full results are summarized in Fig. 3, which shows
the centrality dependence of the Fourier coefficients for
three ranges of kT . The number of participants for each
centrality was determined using a simple nuclear overlap
model [19]. Systematic variations of the HBT radii arise
due to their sensitivity to the antimerging cut threshold
and uncertainty associated with the Coulomb procedure
[3]. The total variation is largest for R2

o;0 ((10%). The
systematic variation on the relative amplitudes plotted in
the right panels of Fig. 3 are negligible compared to
statistical errors. Also, all correlation functions compos-
ing Fig. 3 are corrected for momentum resolution follow-
ing our prescription in Ref. [3].
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where the !1" !# and ! terms account for the nonparti-
cipating and participating fractions of pairs, respectively,
N is a normalization parameter, and G!q;!# is the
Gaussian correlation model [23]:

G!q;!# $ e"q2oR2
o!!#"q2sR2

s !!#"q2l R
2
l !!#"qoqsR2

os!!#: (2)

R2
i are the squared HBT radii, where the l, s, and o

subscripts indicate the long (parallel to beam), side (per-
pendicular to beam and total pair momentum), and out
(perpendicular to ql and qs) decomposition of q with an
additional cross term [27]. Fitting with Eq. (1) caused Ro
to increase 10%–20% compared to Coulomb correcting
all pairs, while Rs and Rl, respectively, are consistent
within errors.

Figure 1 shows the squared HBT radii, obtained using
Eq. (1), as a function of ! for three centrality classes. All
pairs with pair transverse momentum 0:15 % kT %
0:6 GeV=c are included, and each centrality is divided
into 12 ! bins of 15& width. The data point at ! $ " is
the reflected ! $ 0 value, and solid lines indicate Fourier
expansions of the allowed oscillations [24]:
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As expected [3], the 0th-order Fourier coefficient (FC)
indicates larger apparent source sizes for more central
collisions. We verified that the 0th-order FC corresponds
to the HBT radii from an azimuthally integrated analysis.

Strong 2nd-order oscillations are observed for R2
o, R2

s ,
and R2

os, and the signs of the oscillations are qualitatively
self-consistent [10,24], though the amplitude for most-
central events is small. Similar oscillations were observed

in a statistics-limited analysis of minimum-bias Au' Au
collisions at

""""""""

sNN
p $ 130 GeV [28]. These oscillations

correspond to a pion source spatially extended perpen-
dicular to the reaction plane, as discussed below. The next
terms (4th order) in the Fourier expansions [Eq. (3)] are
consistent with zero within statistical errors.

The kT dependence of the oscillations of the HBT radii
may contain important information on the initial condi-
tions and equation of state of the system [29]. Figure 2
shows the ! dependence of HBT radii for midcentral
(20%–30%) events for four kT bins. Because of the addi-
tional division of pairs in kT , only four bins in ! are used.
The 0th-order FC increases with decreasing kT , which
was observed for azimuthally integrated HBTanalyses at
""""""""

sNN
p $ 130 GeV [3] and attributed to pion emission
from an expanding source. Strong out-of-plane oscilla-
tions are observed for all transverse radii in each kT bin.

The full results are summarized in Fig. 3, which shows
the centrality dependence of the Fourier coefficients for
three ranges of kT . The number of participants for each
centrality was determined using a simple nuclear overlap
model [19]. Systematic variations of the HBT radii arise
due to their sensitivity to the antimerging cut threshold
and uncertainty associated with the Coulomb procedure
[3]. The total variation is largest for R2

o;0 ((10%). The
systematic variation on the relative amplitudes plotted in
the right panels of Fig. 3 are negligible compared to
statistical errors. Also, all correlation functions compos-
ing Fig. 3 are corrected for momentum resolution follow-
ing our prescription in Ref. [3].
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than the emission radius given by the flow profile. Because
the temperature is rather small, the average emission points
of both species converge rapidly toward the radius of the
system. The larger temperature in case (4) makes the average
emission radii converge slowly toward the system limit. This
phenomenon, with the addition of the phenomenon described
in case (2), reduces very significantly the average particle
emission radius compared to the flow profile limit.
The effect of temperature depends on particle mass and

momentum. Random smearing is maximal for particles with
low mass and momentum such as the low-pT pions that are
usually associated with kaons or protons in nonidentical par-
ticle correlation analyses. This effect is illustrated in Fig. 37.
It shows the probability of emitting pions at a given point in
the transverse plane for two different pion momenta p!
= !0.15,0 ,0" and p! = !0.3,0 ,0". Kaon and proton momenta
are calculated so that they have the same velocities as pions.
The region of the system that emits particles of a given mo-
mentum shrinks and moves towards the edge of the system
as the particle mass and/or momentum increases. The mag-
nitude of the inward radius shift depends on the fraction of
the source distribution that is truncated due to the system
finite size. Thus, the inward shift of the average emission
radius scales with the source size. This effect yields the sys-
tematic shift between the average emission points of pions,
kaons, and protons as shown in Fig. 35 since the pion source
size is the largest and the proton the smallest. Light particles
are emitted the closer to the center of the source than heavier
ones.
In addition to a spatial separation, the blast-wave param-

etrization induces a time shift between different particle spe-
cies emitted at the same velocity as shown by the dotted line
in Fig. 35. As a result of random motion, the space-time
rapidity !!" spreads around the momentum rapidity !Y". Be-
cause the relationship t=" cos h!!" is positive definite, the
larger dispersion of ! for pions than for kaons or protons
leads to a delay of the emission of pions with respect to

kaons or protons. Protons are emitted first, then kaons, and
then pions. The spatial and time shifts have opposite signs in
the laboratory frame but they sum up when boosting to the
pair rest frame. The solid line in Fig. 35 shows the added
contributions of both shifts. The pion-kaon and pion-proton
separation in the pair rest frame ranges from 5 to 15 fm,
while the separation between kaons and protons is on the
order of 2–4 fm. These shifts are large enough to be mea-
sured.
The curves in Fig. 35 have been obtained by setting the

blast-wave parameters to arbitrary values. We will now in-
vestigate how changing these parameters affects the shift be-
tween pions and kaons. The results obtained studying pion-
kaon separation can be easily extrapolated to pion-proton
and kaon-proton separations. Since experimental analyses of
nonidentical two-particle correlations performed to date do
not investigate the azimuthal dependences with respect to the
reaction plane, we will focus our study on central collisions.
We will then show that the shift between the average emis-
sion points of different particle species oscillates with respect
to the reaction plane without investigating the effect of vary-
ing the parameters in detail.

FIG. 36. Average emission points of pions (left) and kaons
(right) as a function of the pion and kaon velocity and momentum.
All curves are calculated with #0=0.9 and #a=0. The parameters "
and $t are irrelevant. Thin solid line: Rx=Ry=13 fm,T=0 GeV.
Thick solid line: infinite system [i.e., %!r ,&s"=1], T=0.1 GeV.
Dashed line: Rx=Ry=13 fm,T=0.01 GeV. Dotted line: Rx=Ry
=13 fm,T=0.1 GeV.

FIG. 37. Distribution of the emission points in the transverse
plane, for different particle species emitted at the same velocity,
'y=0 and 'x=0.907 on the left-hand side and 'x=0.974 on the
right-hand side. Top panels are for pions, middle for kaons and
bottom for protons. The same logarithmic color scale is used for all
six panels. The blast-wave parameters are the same as in Fig. 36
except that as=0.01. The dashed lines show #x$.
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than the emission radius given by the flow profile. Because
the temperature is rather small, the average emission points
of both species converge rapidly toward the radius of the
system. The larger temperature in case (4) makes the average
emission radii converge slowly toward the system limit. This
phenomenon, with the addition of the phenomenon described
in case (2), reduces very significantly the average particle
emission radius compared to the flow profile limit.
The effect of temperature depends on particle mass and

momentum. Random smearing is maximal for particles with
low mass and momentum such as the low-pT pions that are
usually associated with kaons or protons in nonidentical par-
ticle correlation analyses. This effect is illustrated in Fig. 37.
It shows the probability of emitting pions at a given point in
the transverse plane for two different pion momenta p!
= !0.15,0 ,0" and p! = !0.3,0 ,0". Kaon and proton momenta
are calculated so that they have the same velocities as pions.
The region of the system that emits particles of a given mo-
mentum shrinks and moves towards the edge of the system
as the particle mass and/or momentum increases. The mag-
nitude of the inward radius shift depends on the fraction of
the source distribution that is truncated due to the system
finite size. Thus, the inward shift of the average emission
radius scales with the source size. This effect yields the sys-
tematic shift between the average emission points of pions,
kaons, and protons as shown in Fig. 35 since the pion source
size is the largest and the proton the smallest. Light particles
are emitted the closer to the center of the source than heavier
ones.
In addition to a spatial separation, the blast-wave param-

etrization induces a time shift between different particle spe-
cies emitted at the same velocity as shown by the dotted line
in Fig. 35. As a result of random motion, the space-time
rapidity !!" spreads around the momentum rapidity !Y". Be-
cause the relationship t=" cos h!!" is positive definite, the
larger dispersion of ! for pions than for kaons or protons
leads to a delay of the emission of pions with respect to

kaons or protons. Protons are emitted first, then kaons, and
then pions. The spatial and time shifts have opposite signs in
the laboratory frame but they sum up when boosting to the
pair rest frame. The solid line in Fig. 35 shows the added
contributions of both shifts. The pion-kaon and pion-proton
separation in the pair rest frame ranges from 5 to 15 fm,
while the separation between kaons and protons is on the
order of 2–4 fm. These shifts are large enough to be mea-
sured.
The curves in Fig. 35 have been obtained by setting the

blast-wave parameters to arbitrary values. We will now in-
vestigate how changing these parameters affects the shift be-
tween pions and kaons. The results obtained studying pion-
kaon separation can be easily extrapolated to pion-proton
and kaon-proton separations. Since experimental analyses of
nonidentical two-particle correlations performed to date do
not investigate the azimuthal dependences with respect to the
reaction plane, we will focus our study on central collisions.
We will then show that the shift between the average emis-
sion points of different particle species oscillates with respect
to the reaction plane without investigating the effect of vary-
ing the parameters in detail.

FIG. 36. Average emission points of pions (left) and kaons
(right) as a function of the pion and kaon velocity and momentum.
All curves are calculated with #0=0.9 and #a=0. The parameters "
and $t are irrelevant. Thin solid line: Rx=Ry=13 fm,T=0 GeV.
Thick solid line: infinite system [i.e., %!r ,&s"=1], T=0.1 GeV.
Dashed line: Rx=Ry=13 fm,T=0.01 GeV. Dotted line: Rx=Ry
=13 fm,T=0.1 GeV.

FIG. 37. Distribution of the emission points in the transverse
plane, for different particle species emitted at the same velocity,
'y=0 and 'x=0.907 on the left-hand side and 'x=0.974 on the
right-hand side. Top panels are for pions, middle for kaons and
bottom for protons. The same logarithmic color scale is used for all
six panels. The blast-wave parameters are the same as in Fig. 36
except that as=0.01. The dashed lines show #x$.
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 ●  φpair - ΨEP, 2 is the angle between pair and ΨEP, 2

 ● fitting function

( µ = side, out, long )
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dependence of radii vs. pair emission angle at centrality 20-30%
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Note: x-p correlation reduces  
the length of homogeneity 
But εfinal ~ 2Rs,22/Rs,02 in kT → 0 

PRC70.044907

PRC70.044907
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Test of the event shape engineering in Au+Au 200GeV collisions 
Q2 and EP determined at 1<|η|<2.8 (RxNP) 
Charged hadron v2 measured at mid-rapidity (|η|<0.35) 
E.P. resolutions were estimated by 3-sub method using RxNP and BBC(3<|η|<3.9) 
applying Q2 selection 

Confirmed that higher(lower) Q2 selects larger(smaller) v2
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Applying ESE to azimuthal HBT 
charged ππ-correlation measured at mid-rapidity (|η|<0.35) 
Q2 and EP determined at 1<|η|<2.8 

Oscillations of Rs and Ro become larger when selecting higher Q2 

except Ro in 0-10%
8
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εfinal ~ 2Rs,22/Rs,02 
Higher Q2 selection increases the 
measured εfinal 

Selected more elliptical source at freeze-out?
which might be originated from εinit 
Or just v2 effect?
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FIG. 1: Schematic illustration of the forward-backward fluc-
tuation of second-order eccentricity and participant plane, in
transverse plane (a) and along rapidity direction (b) in A+A
collisions. The dashed-lines indicate the particle production
profiles for forward-going and backward-going participants,
fF(η)NF

part and fB(η)NB
part, respectively.

where 2

α(η) =
fF(η)NF

part⟨rn⟩F

fF(η)NF
part⟨rn⟩F + fB(η)NB

part⟨rn⟩B
, (9)

is the η dependent weighing factor for forward-going par-
ticipating nucleons. The value of α is determined by the
emission profiles, but also depends on the number and the
transverse profile of participating nucleons in each nuclei
via Npart and ⟨rn⟩. It is easy to see that α(−∞) = 0
and α(∞) = 1, and it’s value fluctuates EbyE around 1/2
at mid-rapidity for a symmetric collision system, hence
ϵ⃗totn (0) ≈ ϵ⃗n.
Figure 1 illustrates the origin of the η-dependence of

the eccentricity implied by Eq. 8, which is the main idea
of this paper. Several conclusions can be drawn from this
equation. First, if harmonic flow at a given η is driven
by the corresponding eccentricity vector at the same η,
which is a reasonable assumption for n = 2 and 3 [20, 21],

2 The center-of-mass of the participants in the two nuclei in general
can be different, leading to a correction to Eq. 8 around mid-
rapidity. This correction can be significant for ϵ⃗2 (Fig. 4 (a)
and Appendix A) or when NF

part or NB
part are small, such as

in peripheral collisions or asymmetric collisions. This effect is
ignored in this discussion.

we should expect the following relation to hold:

v⃗n(η) ≈ cn(η) [α(η)ϵ⃗Fn + (1 − α(η))ϵ⃗Bn]
+δ⃗geon (η) + δ⃗dynn (η) , (10)

where the cn(η) is the hydrodynamic response function,
and the three additional terms in the form of δ⃗n = δneinσn

represent additional initial or final state effects. The term
δ⃗geon (η) represents additional geometric effects not ac-
counted for by the eccentricity, such as the details in the
radial distribution of the energy density profile [15, 39]
and the difference from an alternative definition of ec-
centricity [20]. The last term δ⃗dynn represents additional
dynamical fluctuations [40, 41] generated during the hy-
drodynamic evolution and hadronization.
Secondly, ϵ⃗Fn and ϵ⃗Bn fluctuate strongly event to event,

both in their magnitude and orientation. If ϵFn ≠ ϵ
B
n , the

distributions of flow coefficients vn(η) are expected to
show strong forward-backward asymmetry. Similarly, if
Φ∗Fn ≠ Φ

∗B
n , the event-plane angle Φn is expected to rotate

gradually from backward rapidity to the forward rapid-
ity. However since α(η) is a non-linear function, these
changes may also not be linear, especially when NF

part

and NB
part values are very different such as in Cu+Au or

p+Pb collisions.
A simple monte-carlo Glauber model [42] is used to

estimate the FB eccentricity fluctuations in Pb+Pb col-
lisions. The results as a function ofNpart are summarized
in Fig. 2. The values of ϵF2 and ϵB2 are found to be always
larger than ϵ2 over the full centrality range (Figure 2(a)),
and this difference is due to the fact that the center-of-
mass of the wounded nucleons in each nucleus is not at
the center of the overlap region but is shifted towards
the center of the corresponding nucleus (see discussion
in Appendix A). In contrast, the values of ϵF3 and ϵB3 are
similar to ϵ3.
The eccentricity vectors also exhibit a large FB asym-

metry in their magnitude (Aϵn in Figure 2 (c)) and a siz-
able twist (Figure 2 (d)). The asymmetry and the twist
are nearly independent of centrality for n = 3, but they
are much smaller for n = 2 in mid-central and periph-
eral collisions, reflecting the alignment of ϵ⃗F2 and ϵ⃗B2 to
the almond shape of the overlap region. In most central
collisions, however, the width of the Aϵn and twist angle
for n = 2 are comparable to that for n = 3, reflecting a
strong decorrelation between ϵ⃗F2 and ϵ⃗B2 due to the domi-
nance of random fluctuations. According to Eq. 10, these
FB asymmetry and twist should affect the longitudinal
dynamics of harmonic flow.
What we described so far are generic long-range initial

state effects, which should be present as long as parti-
cle production associated with each wounded nucleon is
not symmetric in the beam direction around the colli-
sion point. These effects are naturally included in any
hydrodynamic models or transport models that includes
realistic longitudinal dynamics. In the following, we de-
scribe a simulation analysis using the AMPT model [38],
and demonstrate that these initial state effects are indeed

3
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tuation of second-order eccentricity and participant plane, in
transverse plane (a) and along rapidity direction (b) in A+A
collisions. The dashed-lines indicate the particle production
profiles for forward-going and backward-going participants,
fF(η)NF

part and fB(η)NB
part, respectively.
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part⟨rn⟩F

fF(η)NF
part⟨rn⟩F + fB(η)NB

part⟨rn⟩B
, (9)

is the η dependent weighing factor for forward-going par-
ticipating nucleons. The value of α is determined by the
emission profiles, but also depends on the number and the
transverse profile of participating nucleons in each nuclei
via Npart and ⟨rn⟩. It is easy to see that α(−∞) = 0
and α(∞) = 1, and it’s value fluctuates EbyE around 1/2
at mid-rapidity for a symmetric collision system, hence
ϵ⃗totn (0) ≈ ϵ⃗n.
Figure 1 illustrates the origin of the η-dependence of

the eccentricity implied by Eq. 8, which is the main idea
of this paper. Several conclusions can be drawn from this
equation. First, if harmonic flow at a given η is driven
by the corresponding eccentricity vector at the same η,
which is a reasonable assumption for n = 2 and 3 [20, 21],

2 The center-of-mass of the participants in the two nuclei in general
can be different, leading to a correction to Eq. 8 around mid-
rapidity. This correction can be significant for ϵ⃗2 (Fig. 4 (a)
and Appendix A) or when NF

part or NB
part are small, such as

in peripheral collisions or asymmetric collisions. This effect is
ignored in this discussion.

we should expect the following relation to hold:

v⃗n(η) ≈ cn(η) [α(η)ϵ⃗Fn + (1 − α(η))ϵ⃗Bn]
+δ⃗geon (η) + δ⃗dynn (η) , (10)

where the cn(η) is the hydrodynamic response function,
and the three additional terms in the form of δ⃗n = δneinσn

represent additional initial or final state effects. The term
δ⃗geon (η) represents additional geometric effects not ac-
counted for by the eccentricity, such as the details in the
radial distribution of the energy density profile [15, 39]
and the difference from an alternative definition of ec-
centricity [20]. The last term δ⃗dynn represents additional
dynamical fluctuations [40, 41] generated during the hy-
drodynamic evolution and hadronization.
Secondly, ϵ⃗Fn and ϵ⃗Bn fluctuate strongly event to event,

both in their magnitude and orientation. If ϵFn ≠ ϵ
B
n , the

distributions of flow coefficients vn(η) are expected to
show strong forward-backward asymmetry. Similarly, if
Φ∗Fn ≠ Φ

∗B
n , the event-plane angle Φn is expected to rotate

gradually from backward rapidity to the forward rapid-
ity. However since α(η) is a non-linear function, these
changes may also not be linear, especially when NF

part

and NB
part values are very different such as in Cu+Au or

p+Pb collisions.
A simple monte-carlo Glauber model [42] is used to

estimate the FB eccentricity fluctuations in Pb+Pb col-
lisions. The results as a function ofNpart are summarized
in Fig. 2. The values of ϵF2 and ϵB2 are found to be always
larger than ϵ2 over the full centrality range (Figure 2(a)),
and this difference is due to the fact that the center-of-
mass of the wounded nucleons in each nucleus is not at
the center of the overlap region but is shifted towards
the center of the corresponding nucleus (see discussion
in Appendix A). In contrast, the values of ϵF3 and ϵB3 are
similar to ϵ3.
The eccentricity vectors also exhibit a large FB asym-

metry in their magnitude (Aϵn in Figure 2 (c)) and a siz-
able twist (Figure 2 (d)). The asymmetry and the twist
are nearly independent of centrality for n = 3, but they
are much smaller for n = 2 in mid-central and periph-
eral collisions, reflecting the alignment of ϵ⃗F2 and ϵ⃗B2 to
the almond shape of the overlap region. In most central
collisions, however, the width of the Aϵn and twist angle
for n = 2 are comparable to that for n = 3, reflecting a
strong decorrelation between ϵ⃗F2 and ϵ⃗B2 due to the domi-
nance of random fluctuations. According to Eq. 10, these
FB asymmetry and twist should affect the longitudinal
dynamics of harmonic flow.
What we described so far are generic long-range initial

state effects, which should be present as long as parti-
cle production associated with each wounded nucleon is
not symmetric in the beam direction around the colli-
sion point. These effects are naturally included in any
hydrodynamic models or transport models that includes
realistic longitudinal dynamics. In the following, we de-
scribe a simulation analysis using the AMPT model [38],
and demonstrate that these initial state effects are indeed

Twisted fireball due the density fluctuation 
of wounded nucleons going to forward 
and backward directions 

P. Bozek et al., PRC83.034911 
J. Jia et al., PRC90.034915 

Also known as “event plane decorrelation" 
K. Xiao et al., PRC87.011901 
decorrelation increases with increasing η-gap 
!

vn may be underestimated, which means 
overestimating η/s
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n = 2�5, and rotation for n = 4 and 5 is correlated with
that for n = 2. On the other hand, the rotation for n = 3
is small and slightly anti-correlated with n = 2. These
observations are qualitatively consistent with the results
shown in Fig. 5.

V. SUMMARY

An experimental method has been developed to eluci-
date the longitudinal dynamics of the harmonic flow, in
particular the possible e↵ects of rapidity fluctuation and
event-plane decorrelation. This method selects events
based on the angle di↵erence,  cut

m , between the mth-
order event planes in the forward and backward rapidity,
and then measures the rotation of the nth-order EP angle
�n as a function of ⌘ near the mid-rapidity. This “event-
shape twist” procedure allows us to distinguish between
two competing mechanisms for the rapidity decorrela-
tion: a systematic rotation versus a random fluctuation
of event-plane angles along the ⌘ direction. The former

mechanism is expected to lead to, on an event-by-event
bases, a non-zero ⌘- or �⌘-dependent sine components in
the single particle azimuthal distribution or in the two-
particle angular correlations. These non-zero sine compo-
nents can be used to determine the rotation angle, whose
sign and magnitude are fixed by the twist procedure.

The robustness of the event-shape twist technique is
demonstrated in the AMPT transport model, which is
known to contain significant longitudinal fluctuations
and EP decorrelation e↵ects [27, 33, 34]. A significant
rotation of �n is observed near mid-rapidity for events
selected to have a large twist angle  cut

m for m = 2 and 3,
and the rotation in �n is observed to vary linearly with ⌘.
This rotation is observed not only for n = m but also for
n > m. For example, a significant rotation is observed
in �

4

and �
5

for events selected on the  cut

2

, as well as
in �

5

for events selected on the  cut

3

. This behavior is
consistent with the e↵ects of non-linear coupling between
vn of di↵erent order, i.e. the coupling of v

4

and v
5

to v
2

and v
5

to v
3

. Furthermore, most of the observed rapidity
decorrelation in the AMPT model is found to arise from

Twist effect on anisotropic flow&2PC studied with AMPT 
Requiring finite difference b/w forward and backward EPs (Ψ2B-Ψ2F) 

Twist effect appears as a phase shift in Δφ-Δη correlation 
initial twist survives as a final state flow in momentum space 

Q: This twist survives in final spatial space?

J.Jia et al., PRC90.034905

AMPT Pb+Pb 2.76TeV
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FIG. 4: Correlation of ϵB2 vs. ϵF2 (a), 2∆Φ∗FB
2 vs. ϵ2 (b), ϵF2

vs. qF2 (c), ϵF2 vs. qB2 (d), 2∆Φ∗FB
2 vs. 2∆ΨFB

2 (e), and ϵF2 − ϵF2
vs. 2∆Φ∗FB

2 (f) for AMPT Pb+Pb events with b = 8 fm. The
bars around the circles in panel-(b) indicates the RMS width
of 2∆Φ∗FB

2 at given ϵ2 value, and the four regions delineated
by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

ϵF2 and qF2 than that between ϵF2 and qB2 , suggesting that
the elliptic flow in the forward-rapidity is driven more
by the ellipticity of the forward-going Pb nucleus (and
vice versa). This is expected since the forward particle
production arises preferably from forward-going partici-
pating nucleons. Figure 4(e) shows that the angles be-
tween the participant planes are strongly correlated with
the raw event planes, suggesting that the twist in the
initial state geometry is converted into twist in the final
collective flow between the forward and the backward
pseudorapidity.
Identical studies are also performed for the triangular-

ity and triangular flow in Fig. 5. The features are qualita-
tively similar to those shown in Fig. 4, except that most
forward-backward correlations are significantly weaker,
as ϵ⃗F3 and ϵ⃗F3 are both dominated by random fluctuations.
In particular, the distribution of twist angle 3(Φ∗F3 −Φ∗B3 )
is much broader than that of 2(Φ∗F2 −Φ∗B2 ) in Fig. 4(b).
In fact, Φ∗F3 and Φ∗B3 are nearly out-of-phase for events
selected with small ϵ3 (the lower 30% of events). This
large twist is the dominating source of the decorrelation
of triangular flow observed in previous studies [31, 50].
Given the rich patterns of the FB eccentricity and PP-

angle fluctuations shown in Figs. 4 and 5, the plan of
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by the boxes in panel-(f) indicate the cuts for the four event
classes defined in Table I. The numbers in some panels indi-
cates the correlation coefficients of the distributions.

this paper is not to perform an exhaustive study of the
collective response of all possible configurations of the
initial geometry. Instead, we focus on several representa-
tive classes of events and study how their specific initial
state configurations influence the v⃗n(η) values in the final
state. Four event classes are defined separately for ellip-
ticity and triangularity in Table I by cutting on ∆ϵ∗FBn

and n∆Φ∗FBn , they are also indicated visually in Fig. 4
(f) for n = 2 and Fig. 5(f) for n = 3. The “type1” events
have nearly identical initial shape between the two nu-
clei, i.e. (ϵFn,Φ∗Fn ) ≈ (ϵBn ,Φ∗Bn ). The “type2” events have
similar PP angles but very asymmetric eccentricity val-
ues, i.e Φ∗Fn ≈ Φ∗Bn and ϵFn > ϵBn . The “type3” events
have similar eccentricity values but large twist between
the two nuclei, i.e. ϵFn ≈ ϵ

B
n and Φ∗Fn > Φ

∗B
n . The “type4”

events have large twist angle as well as very asymmetric
eccentricity values. Each class contains at least 1.5% of
the total event statistics, so they represent some typical
events with very different initial condition.

In order to study the rapidity fluctuation of harmonic
flow, we need to calculate the Fourier coefficients for fi-
nal state particles relative to a nth-order reference plane
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AMPT model 
ver.2.25 (string melting) 
Pb+Pb 2.76 TeV collisions, b=8fm 
initial fluctuation based on Glauber model and final state interaction via transport 
model 

EP determination at 4<|η|<6 
!
!
!
HBT analysis 

Add HBT correlation between two pion pairs  
(1+cos(ΔrΔq)) was weighted when making q-distribution of real pairs 

Allowing to take π+π- pairs to increase statistics 
confirmed a good agreement between π+π+ and π-π- 

No EP resolution correction 
Bertsch-Pratt parameterization
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Selected events with (Ψ2B-Ψ2F)>0.6 
Phase shift can be seen, and data are fitted with cosine(sine) 
function including a phase shift parameter α
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HHBBTT  rraaddiiii  ww..rr..tt  ffoorrwwaarrdd  Ψ22  

Selected events with (Ψ2B-Ψ2F)>0.6 
Phase shift can be seen, and data are fitted with cosine(sine) 
function including a phase shift parameter α
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→ Initial ellipticity still remains at freeze out
     despite there is strong elliptic flow !
   

 ●  φpair - ΨEP, 2 is the angle between pair and ΨEP, 2

 ● fitting function
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AMPT Pb+Pb 2.76TeV

Phase shifts become larger with going far from η of a reference EP 
(-6<η<-4 or 4<η<6) 
Source at freeze-out might be also twisted as well as EP angles 

It may include the effect from twisted flow 
This twist effect could be measured experimentally 
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SSuummmmaarryy
Event shape engineering at PHENIX 

Azimuthal HBT measurement with the event shape engineering have been 
performed in Au+Au 200GeV collisions 
Higher Q2 selection enhances the measured εfinal as well as v2 
Could be more accurate relation between initial and final eccentricity 

!
Event twist selection with AMPT model 

A possible twisted source have been studied via HBT measurement with 
AMPT Pb+Pb 2.76TeV collisions, possibly indicating the twisted source at 
final state 
This effect might be measured in RHIC and the LHC, especially in ATLAS 
or CMS 

!
These technique are unique probes to the initial fluctuation and 
might be useful for other analyses, and Cu+Au/U+U systems
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